Episomally maintained self-replicating systems present attractive alternative vehicles for gene therapy applications. Recent insights into the ability of chromosomal scaffold/ matrix attachment regions (S/MARs) to mediate episomal maintenance of genetic elements allowed the development of a small circular episomal vector that functions independently of virally encoded proteins. In this study, we investigated the potential of this vector, pEPI-eGFP, to mediate gene transfer in hematopoietic progenitor cell lines and primary human cells. pEPI-eGFP was episomally maintained and conferred sustained eGFP expression even in nonselective conditions in the human cell line, K562, as well as in primary human fibroblast-like cells. In contrast, in the murine erythroleukemia cell line, MEL, transgene expression was silenced through histone deacetylation, despite the vector's episomal persistence. Hematopoietic semisolid cell colonies derived from transfected human cord blood CD34 + cells expressed eGFP, albeit at low levels. After 4 weeks, the vector is retained in approximately 1% of progeny cells. Our results provide the first evidence that S/MAR-based plasmids can function as stable episomes in primary human cells, supporting long-term transgene expression. However, they do not display universal behavior in all cell types.
Introduction
Hematopoietic stem cells (HSCs) are one of the most promising targets for gene therapy applications. Owing to their biological properties of self-renewal, multilineage differentiation and long-term reconstitution of the entire hematopoietic system after transplantation, it is expected that genetically modified HSCs will persist in the recipient lifelong providing curative treatments for a wide range of inherited and acquired hematopoietic disorders. 1 It is widely acknowledged that the development of safe and effective gene transfer vehicles is the factor that will determine the pace at which the clinical application of gene therapy targeting HSCs will proceed. 2 A requirement for most therapeutic applications is expression of the transferred gene in the mature blood cells that will be produced after multiple rounds of cell division. Therefore, it is essential for gene transfer systems targeting HSCs to ensure long-term maintenance and expression of the transgene.
Retroviral vectors, mainly derived from the Moloney murine leukemia virus (MuLV), which have been almost exclusively used for gene transfer applications in HSCs, ensure their maintenance in the cells through integration into host cell chromosomes. 3, 4 However, inherent problems of random integration include variation of transgene expression depending on the chromatin context of the integration site, transcriptional silencing and, most importantly, insertional mutagenesis. 5, 6 The risk of malignancy, caused by insertional mutagenesis, as demonstrated recently in a clinical trial for X-linked severe combined immunodeficiency (SCID-X1), raises severe considerations to their future application. 6, 7 Replicating episomal vectors (REVs) present alternative gene transfer vehicles, their main advantage being that they can persist in the recipient nucleus as independent units, without interfering with the host's genome. 8, 9 Thus, REVs are intrinsically devoid of all the unpredictable consequences of integrating vectors.
Considerable efforts have been undertaken in the past to construct vectors able to replicate episomally in higher eukaryotic cells. Historically, the first episomes that were developed exploited genetic elements derived from viruses that are normally replicating extrachromosomally during latent infection of cells, such as EpsteinBarr virus (EBV), simian virus 40 (SV40), bovine papilloma virus (BPV) and others. 10 An important limitation of these vectors is that they require the in trans action of a viral protein, Epstein Barr Nuclear Antigen 1 (EBNA-1), in the case of EBV-based vectors or large T antigen in the case of SV40-based vectors. The potential transforming and immunogenic properties of these virally encoded proteins impose severe constraints to their use in a gene therapy context. [11] [12] [13] [14] [15] The development of episomal vectors based on genetic elements of human origin has been a highly desired goal. Recently, a small circular vector named pEPI-1 has been developed that is unique in that it can function as a stable episome without coding for any protein of viral origin. 16 This vector contains a chromosomal scaffold/matrix attachment region (S/MAR) deriving from the 5 0 -region of the human interferon b-gene, 17 as well as the origin of replication of the simian virus 40 genome (SV40 ori), the GFP cDNA driven by the CMV immediate-early promoter and the gene conferring resistance to neomycin. By transfer of pEPI-1 into CHO cells, it was shown that this vector replicates episomally over many cell generations in the absence of large T antigen. 16 It is believed that the function of pEPI-1 as a stable episome relies on the ability of the S/MAR to recruit cellular factors, which mediate both its mitotic stability and its episomal replication. pEPI-1 is specifically associated through its S/MAR with the nuclear matrix and the chromosome scaffold in vivo, 18 presumably via scaffold attachment factor-A (SAF-A) 19 and this interaction enables its cosegregation with the chromosomes upon mitosis. Moreover, the S/MAR in pEPI-1 likely interacts with other nuclear proteins mediating helix destabilization (a function of large T antigen in conventional SV40 ori-containing episomal vectors), allowing for the assembly of the replication machinery. Thus, in contrast to viral episomes which encode the factors required for their function, pEPI-1 exploits, through its S/MAR, factors provided by the host cell to ensure both functions required for its extrachromosomal maintenance: replication and segregation.
These unique properties of pEPI-1, providing increased biosafety, prompted us to investigate the possibility that this plasmid could serve as a gene transfer vector for therapeutic applications, since its performance has not been tested in primary human cells before. In this paper, we investigate the properties of pEPI-eGFP vector -derived from pEPI-1 by replacement of GFP for eGFP 20 -in hematopoietic progenitor cell lines, both human and murine, and in primary human cells, with special emphasis on hematopoietic progenitor cells.
Results

pEPI-eGFP functions as a stable episome in hematopoietic progenitor cell lines
We first asked whether pEPI-eGFP can function as a stable episome in hematopoietic progenitor cell lines. For this we used one human chronic myeloid leukemia blast crisis cell line, K562, 21 and one murine erythroleukemia cell line, MEL.
22 K562 and MEL cells were transfected with pEPI-eGFP and selected with G418. Antibioticresistant polyclonal cell populations emerged after 3 weeks of selection and were subsequently split in two and cultured either with or without selection pressure, for a total of 16 weeks (equivalent to more than 100 generations). The cells remained G418 resistant for the whole period, even when cultured in nonselective medium.
Given the long-term expression of the antibioticresistance gene, we proceeded to determine the status of the vector in these cells, that is, episomal versus integrated. Total DNA was isolated from stably transfected K562 and MEL cells, cultured either with or without the antibiotic, at various time points posttransfection. DNA was digested with BamHI -which cleaves once in pEPI-eGFP, rendering the plasmid linear, assuming it is maintained as an independent episome -, transferred to a membrane by Southern blot and hybridized with a probe consisting of an AseI fragment of pEPI-eGFP vector. In all cases, a single band was generated, corresponding to the size of the linearized vector, whereas no additional bands -that would have resulted from the random integration of the vector into genomic DNA -were observed (Figure 1a and b) . These results strongly suggest that pEPI-eGFP vector is present within K562 and MEL cells in a nonintegrated episomal state.
The episomal state of the vector was further confirmed using plasmid rescue in Escherichia coli. Extrachromosomal DNA was extracted from stably transfected K562 cells, cultured in the presence of G418, 15 weeks after transfection, using a modified HIRT protocol 23 and used to retransform E. coli cells. In total, 10 randomly picked colonies were all found by restriction enzyme analysis to be identical to the original input plasmid DNA used for the transfection. Restriction analysis of one colony is depicted in Figure 1c . This demonstrates that these plasmid molecules have been maintained as episomes and have not undergone any detectable rearrangements within the K562 cells.
In order to assess the ability of the vector to replicate as an extrachromosomal unit, total DNA isolated from stably transfected K562 and MEL cells was digested with DpnI and Southern blotted as above. DpnI digests only DNA synthesized in prokaryotic cells, so that DNA propagated in mammalian cells can be differentiated by means of its resistance to DpnI digestion. As demonstrated in Figure 1d (lanes 1 and 2), vector DNA that was recovered from K562 and MEL cells has been replicating in the eukaryotic cells.
The average copy number of the vector in K562 cells was estimated as follows. BamHI-digested total DNA from stably transfected K562 cells was Southern blotted and probed simultaneously with a pEPI-eGFP-specific probe, as above, and a probe specific for the endogenous b-globin gene. By comparing the intensities of the bands corresponding to the two probes and considering b-globin band intensity as a three-copy gene reference (since K562 cells are trisomic for chromosome 11 and therefore possess three copies of the b-globin gene), 21, 24 we estimated the average copy number of the vector in K562 cells to be 2.5 ( Figure 1e ). The plasmid band generated on Southern blots of MEL cells at various time points did not exhibit a decrease in intensity (Figure 1b) , suggesting that plasmid loss could not account for the decline in eGFP expression. In order to investigate whether epigenetic mechanisms could account for the silencing of eGFP expression, transfected MEL cells were incubated for a period ranging from 24 to 72 h with 5 0 -azacytidine (AzaC), a DNA demethylating agent, as well as with sodium butyrate (SB) and trichostatin A (both histone deacetylase inhibitors), 25, 26 followed by assessment of eGFP expression by direct observation on a fluorescent microscope and by flow cytometry. Addition of AzaC (at a concentration of 0.5-10 mM) had no effect on eGFP expression (data not shown). On the contrary, incubation with either SB or trichostatin A (at concentrations of 1-40 mM and 1-100 ng/ml, respectively) resulted in readily detectable green fluorescence (data not shown). Immunoblotting in Figure 2c depicts a dramatic increase in eGFP expression (lane 5) after incubation of MEL cells with 20 mM of SB. These results provide evidence for a mechanism of epigenetic silencing of eGFP expression in MEL cells mediated through histone deacetylation. Addition of AzaC and SB had no effect in eGFP expression in K562 cells (data not shown).
Since the existing model concerning the ability of this small plasmid, pEPI, to function as an episome requires that active transcription upstream of the S/MAR exists, 20, 27 we hypothesized that eGFP expression may not be completely abolished and that a low rate of transcription -not detectable by flow cytometry or standard immunoblots -may be preserved. By using techniques with increased sensitivity, like RT-PCR (data not shown) and immunoblotting of large amounts of protein (B150 mg), we were able to detect a low level of eGFP expression ( Figure 2d , lane 2).
pEPI-eGFP mediates prolonged eGFP expression in primary human fibroblast-like cells as an episome
We subsequently asked whether pEPI-eGFP would exhibit long-term maintenance in primary human cells, since transfer of this vector into primary cells has not been reported so far. Primary human fibroblast-like cells, pEPI-eGFP is detected in semisolid colonies derived from transfected CD34 + cells
Next, we transfected CD34 + -enriched cells isolated from umbilical cord blood using electroporation. [28] [29] [30] [31] [32] Transfection efficiency was between 10 and 30% (mean: 18.478%, n ¼ 5), as estimated by flow cytometric evaluation of the percentage of eGFP-expressing CD34 + cells. Cell survival was in all cases above 60% (mean: 66.876%, n ¼ 5). A representative experiment is shown in Figure 4 .
Culture in serum-free medium supplemented with a combination of cytokines, for 0-72 h prior to electroporation, did not enhance transfection efficiency (data not shown), suggesting that transfection of CD34 + cells with pEPI-eGFP is not influenced by the cell cycle state of the cells and that successful gene transfer does not require cell cycling.
We subsequently asked whether hematopoietic progenitors with colony-forming ability (colony-forming cells, CFCs) are transfected with pEPI-eGFP and whether pEPI-eGFP is maintained in these cells upon colony formation in semisolid culture.
Transfections of CD34 + cells with an episomal mammalian expression vector, pCEP4-eGFP, were performed as positive controls. This vector contains the EBV replication origin (oriP) and the EBNA-1 gene, as well as the pCMV-eGFP expression cassette, similar to pEPIeGFP, and it has previously been shown to be maintained and expressed in CFCs. 
/PI
À cells and plated immediately after sorting in methylcellulose culture both with and without G418 (for pEPI-eGFP transfectants) or hygromycin B (for pCEP4-eGFP transfectants) added in the medium. A median concentration of G418 (1000 mg/ml) was chosen, since lower concentrations permitted significant colony growth in control plates, whereas higher concentrations induced severe Gene transfer in CD34 + cells with an episomal vector EP Papapetrou et al drug toxicity in both groups. Using this G418 concentration, we obtained a median of 8% of colonies from control cells, but they were mainly abortive-type colonies of small size and their number was significantly lower than that of colonies grown in the presence of G418 from cells transfected with pEPI-eGFP (27.3875%) (Figure 5a ). This permits us to conclude that colonies derived from transfected cells exhibit a true resistance to G418. Mixed colonies (colony-forming unit-granulocyte erythroid monocyte megakaryocyte, CFU-GEMM) were not observed in cultures of transfected cells in the presence of G418, whereas burst-forming units-erythroid (BFU-E) were very seldom observed. A similar pattern of colony formation of CD34 + cells transfected with a vector conferring resistance to G418 in the presence of the antibiotic has been previously reported and was attributed to a relatively higher sensitivity of these specific colony types to G418. 34 The clonogenic capacity of CD34 + cells transfected with the control vector pCEP4-eGFP in the presence of hygromycin B was estimated the same way. Similar frequencies of antibiotic-resistant colonies were observed after transfection with pCEP4-eGFP as compared to pEPI-eGFP (data not shown).
PCR analysis with primers specific for the eGFPcoding region of both vectors in single semisolid colonies (Figure 5b ) demonstrated the presence of the eGFP gene in a percentage of CFCs similar to that estimated by growth in the presence of G418. Again, comparable percentages of CFCs were positive by PCR analysis when transfection was performed with either pEPI-eGFP (21.573.5%) or pCEP4-eGFP (17.174%) ( Table 1) .
Semisolid colonies derived from CD34
+ cells transfected with pEPI-eGFP express eGFP
We proceeded to examine whether the presence of the vector in CFCs supports expression of the transgene. By direct observation of colonies under an inverted epifluorescence microscope, we were unable to detect any green fluorescent colonies derived from CD34 + cells transfected with pEPI-eGFP or with pCEP4-eGFP. In order to detect a possible expression of eGFP below levels that would permit us to detect fluorescence, we performed RT-PCR analysis. After some single colonies were individually picked for direct PCR analysis, the remaining colonies were pooled and RNA was extracted and subjected to two rounds of DNase I treatment. Complete removal of contaminant DNA was confirmed by PCR with primers specific for the pCMV region (Figure 6a, middle panel) . As depicted in Figure 6a , eGFP expression was detected in colonies derived from transfected CD34 + cells with either pEPI-eGFP or pCEP4-eGFP.
Assessment of vector status in hematopoietic progenitor cells
For the detection of episomal pEPI-eGFP plasmid in single colonies, we used PCR amplification with closely apposed primers positioned in the eGFP coding region of pEPI-eGFP. The generation of a band corresponding to the size of pEPI-eGFP (6.7 kb) demonstrates the presence of the circular form of the plasmid (Figure 6b) , 35 since integration requires a random opening, which would prevent PCR amplification. Colonies derived from culture of K562 cells stably transfected with pEPI-eGFP in methylcellulose under the same conditions used for CD34 + cells were used for standardization of optimal amplification conditions. n depicts the results from two transfection experiments expressed as the fraction of colonies positive for the presence of the vector divided by the total number of colonies tested. /eGFP + cells transfected with pEPI-eGFP. PCR with g-globin-specific primers was also performed to ensure that a sufficient number of cells from each colony were collected. Only colonies that were positive for g-globin were tested for the presence of the vector. Numbers 1-9 depict nine representative individual colonies.
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The presence of the episomal state of the plasmid could be confirmed in three out of 32 colonies tested. This, lower than estimated above, percentage may be accounted for by the lower efficiency of the full-length amplification compared to the PCR reaction performed using eGFP-specific primers.
Since colonies from the same plating were used for both RT-PCR (pooled colonies) and PCR (single colonies), it can be assumed that the colonies that retain the episome are also expressing eGFP.
Given that PCR amplification of the full-length plasmid suggests that the vector is in a circular form in the cells, we attempted to verify this by Southern analysis in total DNA extracted from pooled semisolid colonies from two independent transfections (about 3 Â 10 6 cells), after DpnI digestion. No hybridization signal could be generated. Since our Southern analysis has a detection limit of 0.5-1 pg of plasmid (equivalent to approximately 7.5-15 Â 10 6 plasmid molecules), this suggests that the plasmid cannot be present in more than 7 cells at day 28 after transfection (more than 100-fold expanded) and digested with DpnI gave no E. coli transformants. Given that HIRT extracts from 1 Â 10 7 stably transfected K562 cells, comprising a median of 2.5 copies of the vector, yielded between 10 and 20 E. coli transformants, this result is expected if the vector is present in less than 5% of cells. PCR amplification of the full-length vector from 1/10 of the DpnI-digested HIRT extracts, however, yielded a band whose intensity was within the range of a band generated by a 1/1000 dilution of a HIRT extract prepared from the same number of stably transfected K562 cells (Figure 6c ). This suggests that replicated circular vector is present in approximately 1% of the cells after 28 days.
Discussion
Stable extrachromosomal persistence is a highly desired goal towards the development of both efficient and safe vectors for gene therapy applications targeting hematopoietic stem cells. Our recent understanding of the role of S/MARs in mediating episomal retention and sustained expression of genetic elements cloned in cis allowed the development of a prototype of a small circular episomal vector that functions independently of virally encoded proteins.
In this study, we show that this vector, pEPI-eGFP, is maintained for a long period in hematopoietic progenitor cell lines as a stable episome, as it has been previously reported for CHO, HeLa and HaCat cells. 16, 36, 37 The average copy number of the vector in K562 cells was estimated to be low, similar to previously published reports of pEPI copy number in HeLa and CHO cells, 16, 18, 36 as well as of that of EBV-based episomes in K562 cells. 24 This is in accordance with a tightly regulated once-per cell cycle replication of pEPI vector. 36 Thus, pEPI-eGFP can be a valuable tool in basic research as an expression vector conferring sustained and regulated expression of transgenes, being easy and simple to use as a nonviral gene transfer system.
Silencing of eGFP expression, despite the vector's episomal maintenance in MEL cells, was in marked contrast to the sustained expression observed in K562 cells and other human cell lines tested by others. 36, 37 It has been shown that epigenetic silencing of the CMV promoter through cytosine methylation in pEPI vector is prevented when the vector is episomally maintained. 37 Our data also argue against a role for cytosine methylation in silencing of eGFP expression. However, we provide strong evidence that the episomal status of the vector does not prevent silencing of the CMV promoter in MEL cells, and that this silencing is mediated through histone deacetylation, since it is reversed by treatment with trichostatin A and SB.
In accordance with previous results, we show that electroporation can mediate efficient transfection of CD34 + cells. An important finding is that unstimulated CD34 + cells are transfected with pEPI-eGFP with equal efficiency than cytokine-stimulated cells. It is well known that HSCs with repopulating potential are largely quiescent. Retroviral vectors can transduce only dividing cells and prestimulation of CD34 + cells with cytokines is widely used as a means to induce cell cycling and enhance retroviral transduction. 38 However, in vitro stimulation of HSCs is unequivocally associated with differentiation and irreversible lineage commitment. [39] [40] [41] Nonviral gene transfer is also considered to be less efficient in nondividing cells 42 and prestimulation of CD34 + cells for 48 h has been found to enhance transfection with a conventional plasmid by electroporation. 31 Thus, the apparent lack of requirement of prestimulation for efficient transfection with pEPI-eGFP provides this vector with a strong advantage, since it offers the possibility to transfect freshly isolated CD34 + cells without the need for prolonged ex vivo culture. In addition to that, we observed no survival deficit and no impairment of clonogenic capacity of transfected hematopoietic progenitors, which suggests that no toxic effect is exerted on cell viability by either the electroporation procedure or the plasmid DNA itself (data not shown).
Long-term maintenance and transgene expression is essential for most strategies of gene therapy for hematopoietic diseases. In this study, we demonstrate for the first time that a nonviral vector coding for no viral proteins is maintained in human hematopoietic progenitor cells upon colony formation, albeit at low frequency and supports transgene expression. Our data suggest that approximately 1% of progeny of initially transfected CD34 + cells eventually retain the vector. A stable transfection efficiency of less than 1% is observed in K562 cells, as well. (This estimate derives from the initial cell input divided by the number of stable clones obtained after antibiotic selection.) This is expected given that antibiotic pressure will eventually select for cells that retain the vector and which comprise a very small percentage of the initially transiently transfected cells. Our experimental design involved initial selection of the eGFP-expressing cells by FACS, that is, of the whole population of transiently transfected CD34 + cells. However, the fact that 10% of single-cell colonies were positive for the vector while only 1% were estimated to be positive, when polyclonally grown in liquid culture, implies that only a portion of the cells within a single colony maintain the vector. This means that the vector is not efficiently replicated and/or segregated in progeny cells upon colony formation. This fact could also account for the low level of eGFP expression, only detectable by RT-PCR. Alternatively or in addition to, silencing of the CMV promoter could also account for this, especially since pCMV has been reported to be prone to silencing in primary human cells. 43, 44 Given that the presence of an active transcription unit upstream of the S/MAR is believed to play a very important role in vector's maintenance, 20, 27 the expression cassette of this plasmid is likely to have an impact on properties of the vector other than transgene expression rate and it is possible that the use of alternative constitutive viral promoters or tissue-specific promoters might also enhance vector stability. We are currently examining this hypothesis by testing the effect that different transcriptional cisregulatory elements have on overall vector performance in CD34 + cells. Since the Southern analyses and the plasmid rescue experiments were performed in a cell population only Gene transfer in CD34 + cells with an episomal vector EP Papapetrou et al B1% positive for the vector, these experiments could not be informative in regards to the vector status (i.e. episomal or not) due to the detection limit. However, the presence of circular DpnI-resistant vector by PCR demonstrates that the vector is replicated and passed on at least in a portion of cells as an episome. It must also be pointed out that, in our experiments, the performance of pEPI-eGFP in CD34 + cells was very similar to that of pCEP4-eGFP, an EBV-based episomal vector previously shown to confer episomal maintenance in various human cells, [45] [46] [47] including hematopoietic progenitor cells. 33 This permits us to conclude that pEPI-eGFP is at least as effective as an EBV-based episomal vector.
Given that pEPI-eGFP exploits cellular factors to ensure its episomal replication, it is possible that different cellular backgrounds may account for variation in vector properties according to cell type. Tissue and/or species-specific factors are also likely involved in epigenetic silencing of the vector, since silencing occurred in one of the cell lines we tested but not the other. Even though transgene expression was silenced to almost undetectable levels in MEL cells, this did not seem to impair vector maintenance in these cells. In order to explain this, we assume that even a very low rate of transcription through S/MAR may be enough to preserve episomal maintenance. Alternatively, ongoing transcription through the S/MAR may not be a universal requirement and it is possible that additional, cellspecific factors may have some influence on the vector's fate in a given cell type. A better understanding of the host cell factors involved in mitotic stability and extrachromosomal replication is likely to drive improvements in episomal vector design in the near future.
Use of nonviral vectors for gene transfer into HSCs has been hampered so far by their relatively low transfection efficiency and, most importantly, by the transient nature of their presence in transfected cells. The development of nonviral extrachromosomally replicating vectors is the only reasonable alternative to viral vectors for gene transfer into HSCs. Within this context, we showed for the first time that gene transfer using a nonviral S/MARbased episomal vector in human hematopoietic progenitor cells is feasible. Although our gene transfer system is amenable to substantial improvements, we consider our results as a proof of principle for its utility for sustained gene transfer into primary human cells. The unambiguous advantages of nonviral episomal vectors together with the feasibility of their use render them a most promising alternative to viral vectors for HSCs and justify research towards their further improvement.
Materials and methods
Cell isolation
Umbilical cord blood and umbilical cords were obtained from the Department of Obstetrics, Patras University Hospital in accordance with institutional guidelines for the use of human tissue and after informed consent was obtained. Umbilical cords were collected from Caesarian section births and directly transferred in complete medium: Dulbecco's modified Eagle's medium (DMEM) with 20% fetal calf serum (FCS), 2 mM L-glutamine, 50 U/ml penicillin and 50 mg/ml streptomycin (all from Invitrogen Life Sciences). Human fibroblast-like cells were isolated from umbilical cord connective tissue (referred to as 'Wharton's Jelly') as follows: small fragments were sliced and transferred into 35 mm plates containing complete medium and were left undisturbed for 5-7 days to allow migration of cells.
Umbilical cord blood was diluted 1:1 in PBS and low-density mononuclear cells (MNC) were isolated by density gradient centrifugation over Ficoll (Biochrom AG, Germany). MNC were pooled and CD34 + cells were immunomagnetically selected using the Miltenyi CD34 MultiSort kit (Miltenyi Biotec, Gladbach, Germany) according to the manufacturer's instructions. CD34
+ cell purities were greater than 98% as assessed by flow cytometry after selection.
Cell culture K562 cells, MEL cells and primary fibroblasts were cultured in DMEM supplemented with 10% FCS, 2 mM L-glutamine, 50 U/ml penicillin and 50 mg/ml streptomycin. AzaC, SB and trichostatin A were all purchased from Sigma. CD34 + cells were plated at a concentration of 5 Â 10 5 cells/ml in X-VIVO 15 medium with 2 mM L-glutamine, 10% bovine serum albumin (BSA), 1% 2-mercaptoethanol (Sigma), 50 U/ml penicillin and 50 mg/ml streptomycin (serum-free medium) supplemented with the following recombinant human (rh) cytokines: 20 ng/ml rh stem cell factor (SCF), 50 ng/ml rh thrombopoietin (TPO) and 50 ng/ml rh Flt-3 ligand (FL) (complete serum-free medium). Recombinant cytokines were purchased from BioSource (Nivelles, Belgium). Cells were maintained at 371C in 5% CO 2 .
Plasmids and transfection
pEPI-eGFP plasmid 20 was kindly provided by Professor HJ Lipps (Institute of Cell Biology, University of Witten, Germany). pCEP4-eGFP plasmid contains eGFP cDNA as a NheI/BglII insert into pCEP4 polylinker (Invitrogen).
The EndoFree s Plasmid kit (Qiagen) was used for plasmid preparations.
Transfection of K562 and MEL cell lines was performed with Lipofectin (Invitrogen) according to the manufacturer's instructions. Stably transfected cells were selected 24 h after transfection by addition of Geneticin (G418), purchased from Invitrogen, in the medium at a concentration of 800 mg/ml. At week 3, stably transfected selected cells were split in two and further cultured either with G418 (at a concentration of 400 mg/ml) or without G418.
For transfection of primary cells, electroporation was performed with the BioRad GenePulser II apparatus. Immediately before electroporation, primary fibroblasts were trypsinized, pelleted by centrifugation for 5 min at 250 g at room temperature, counted in a hemocytometer and resuspended in serum-free medium at a concentration of 2 Â 10 6 cells/ml. Cell suspension (500 ml) was mixed with 15 mg of plasmid DNA, added to a 0.4 cm electroporation cuvette and electroporated at 220 V, 975 mF (t: 24.5). After incubation at room temperature for 5 min, cells were added to 10 ml of complete medium in 100 mm plates and incubated at 371C in 5% CO 2 . Transfected cells were selected with G418 in a concentration of 200 mg/ml for 4 weeks and further cultured either with or without selection pressure. For electroporation of CD34 + cells, cells were pelleted by centrifugation for 5 min at 250 g at room temperature, counted in a hemocytometer and resuspended in serumfree medium at a concentration of 2 Â 10 6 cells/ml. Cell suspension (500 ml) was mixed with 15 mg of plasmid DNA, added to a 0.4 cm electroporation cuvette and electroporated at 300 V, 1075 mF (t: 25.8-27.5). After incubation at room temperature for 5 min, cells were added to 1 ml of complete medium in 24-well plates and incubated at 371C in 5% CO 2 .
Flow cytometric analysis and cell sorting 
CFC assay
10
3 CD34 + cells/ml were plated in duplicate in methylcellulose medium supplemented with cytokines MethoCultt GF + H4435 (Stem Cell Technologies) and incubated at 371C in 5% CO 2 . After 10-14 days, colonies were counted on an inverted microscope. Subsequently, some single colonies were randomly picked under a light microscope and the rest of colonies (derived from the same plating) were collectively pooled and used for RNA extraction.
Southern blotting
Total DNA from cultured cells was prepared as described elsewhere. 22 Approximately 10 mg of DNA was digested with BamHI or with both DpnI and BamHI, resolved by electrophoresis on a 0.75% agarose gel and Southern blotted onto a Nylon membrane (ZetaProbe BioRad). Blots were hybridized with either a radiolabeled AseI fragment of pEPI-eGFP, spanning pCMVeGFP and part of the S/MAR region or with the full radiolabeled pEPI-eGFP plasmid.
Gel electrophoresis, Southern transfer and hybridization were carried out using standard procedures. 48 All hybridization probes were labeled by random priming using the NEBlot s kit (New England BioLabs). For episome copy number determination, the blots were double probed with an AseI fragment (B1360 bp) of pEPI-eGFP and a BamHI/SnaBI fragment (B740 bp), spanning exons I and II of the human b-globin gene. Equimolar amounts of the probes (45 ng of the b-globin probe and 25 ng of the vector probe) were labeled in a single reaction and added simultaneously to the hybridization buffer. The intensities of the bands corresponding to the episome and to the b-globin gene were quantified by Phosphorimager SI (Molecular Dynamics) using ImageQuant software and their ratios calculated.
Western blotting
Total cell lysates were prepared either by lysing cell pellets directly in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 50 mM dithiothreitol and 0.1% bromophenol blue) and boiling for B5 min or by lysing cell pellets for 20 min on ice in RIPA buffer (25 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS). Cell debris was removed by centrifugation at 14 000 g for 10 min. Protein concentration was quantified using the bicinchoninic acid (BCA) method (Pierce). Protein extracts were resolved in a 12% SDS-PAGE gel and electrotransferred to a polyvinylidene difluoride (PVDF) membrane (Amersham Biosciences). eGFP protein was detected with an anti-GFP mouse antibody (3E1, Molecular Probes) using standard procedures. The same membrane was reprobed with an anti-tubulin mouse antibody (Sigma).
Plasmid rescue
Extrachromosomal DNA was isolated from 1 Â 10 7 cells transfected with pEPI-eGFP using a modified HIRT protocol. 23 Briefly, cells were washed in TEN buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 150 mM NaCl), resuspended in 1.5 ml TEN and 1.5 ml 2 Â HIRT buffer (1.2% SDS, 20 mM Tris-HCl pH 7.5, 20 mM EDTA) and incubated for 20 min at room temperature. NaCl at a final concentration of 1 M was added to lysed cells, followed by overnight incubation at 41C. After centrifugation for 30 min at maximum speed, the supernatant was subjected to phenol extraction and ethanol precipitation. 1/10 of the HIRT extract was used for transformation of DH5a E. coli cells by electroporation. E. coli transformants were selected using plates containing 30 mg/ml kanamycin. Plasmid DNA was prepared from resistant colonies picked at random and subjected to restriction analysis.
Single colony PCR
Single colonies were individually picked under a light microscope into 0.2 ml tubes containing 25 ml of 'modified lysis buffer' (MLB) consisting of 105 mM KCl, 14 mM Tris-HCl pH 8.3, 2.5 mM MgCl 2 , 0.3 mg/ml gelatine, 0.45% NP-40, 0.45% Tween 20 and 100 mg/ml proteinase K. Cells were lysed at 561C for 1 h and subsequently incubated at 951C for 15 min.
For the PCR reaction, 7 ml of cell lysate was mixed with 3 ml of MLB without proteinase K, 0.5 ml of 10 Â PCR buffer, 0.25 ml MgCl 2 50 mM, 0.4 ml dNTPs 25 mM, 12.5 pmol of each primer and 1.25 U of Taq polymerase (all from Invitrogen) in a total volume of 25 ml. PCR primers were: eGFP forward: GAG CTG GAC GGC GAC GTA AAC G; eGFP reverse: CGC TTC TCG TTG GGG TCT TTG CT; g-globin forward: TCT AAT CCA CAG TAC CTG CC; g-globin reverse: CAG CAT CTT CCA CAT TCA CC. PCR conditions were: initial denaturation at 941C for 5 min followed by 32-36 cycles (941C 1 min, 601C 1 min, 721C 1 min) and a final extension at 721C for 10 min.
For the amplification of full-length pEPI-eGFP, the PCR reaction was performed with Platinum Taq DNA polymerase High Fidelity (Invitrogen) using 3 ml of cell lysate in a total volume of 25 ml. PCR primers were: pEPI forward: ATC CTG GGG CAC AAG CTG; pEPI reverse: GTT GCC GTC CTC CTT GAA GT (nucleotides 1021-1038 and 1001-1020, respectively, in the schematic map of pEPI-eGFP plasmid shown in Figure 6b) . PCR was performed under the following conditions: initial denaturation at 941C for 5 min, 10 cycles (941C 45 s, 611C 45 s, Gene transfer in CD34 + cells with an episomal vector EP Papapetrou et al 681C 5 min), followed by 30 cycles (941C 45 s, 581C 45 s, 681C 7 min) and a final extension at 681C for 10 min. For full-length pEPI-eGFP amplification from HIRT extracts, the same conditions were used for 35 cycles.
RT-PCR
At 14 days after plating, colonies grown in semisolid medium were pooled and washed twice in PBS. Total RNA was isolated using the RNeasy s Mini Kit (Qiagen), subsequently treated twice with DNase I (Promega) and finally cleaned with the RNeasy s MinElute Cleanup Kit (Qiagen) according to the manufacturer's instructions. cDNA was synthesized with SuperScript II and random primers (Invitrogen) according to the manufacturer's protocol. PCR was performed with three sets of primers: eGFP (see above), pCMV forward: TGA CGT CAA TGG GTG GAG TA; pCMV reverse: GGC GGA GTT GTT ACG ACA TT; b-actin forward: TCA CCC ACA CTG TGC CCA TCT ACG A; b-actin reverse: CAG CGG AAC CGC TCA TTG CCA ATG G. PCR conditions were: initial denaturation at 941C for 5 min followed by 32-36 cycles (941C 1 min, 561C 1 min, 721C 1 min) and a final extension at 721C for 10 min.
